To better understand the effect of various test durations on indoor radon measurement results in Canada, Monte Carlo simulations were performed for test durations of 1 month (30 d), 2 months (61 d), 3 months (91 d) and 6 months (183 d). For each of the specified test durations, a total of 1500 Monte Carlo simulations were performed. Each simulation was compared with the result of a 1-y measurement. On average, the radon concentration estimated from a 30-d test differed by about + + + + +22 % from the value of a 1-y measurement. The difference reduced to about + + + + +17 % for a 61-d test, + + + + +14 % for a 91-d test and + + + + +9 % for a half-year test. Health Canada's recommendation of a 3-month radon test performed during the heating season resulted in an estimated radon concentration, on average, ∼20 % higher than the value determined from a 1-y measurement. This ensures a conservative estimate of the annual average radon concentration, as there is some risk at any radon level. Therefore, to avoid an underestimation of radon exposure and to ensure appropriate levels of precision and accuracy are met, the results from this study suggest that a radon measurement duration of 3 months or longer during the heating season (from October through to April) is needed.
INTRODUCTION
Radon is a naturally occurring radioactive gas generated by the decay of uranium bearing minerals in rocks and soils. Radon is invisible, odourless and tasteless and emits ionising radiation. As a gas, radon can move freely through the soil enabling it to escape to the atmosphere or seep into buildings. In the open air, the amount of radon gas is very small and does not pose a health risk. However, in enclosed or poorly ventilated spaces, radon can accumulate to high levels. The only known health risk associated with exposure to radon in indoor air is an increased risk of developing lung cancer. Recent studies on indoor radon and lung cancer in Europe, North America and Asia provided strong evidence that radon causes a substantial number of lung cancers in the general population. Current estimates of the proportion of lung cancers attributable to radon range from 3 to 14 % (1) . Radon and its progenies have been identified as the second leading cause of lung cancer after tobacco smoking (1, 2) . To limit the risk to individuals, it is strongly recommended that every house be tested for radon and appropriate actions be taken if required (3) . With the announcement of the Government of Canada's revised Radon Guideline in 2007 and increased public awareness of radon risk, more and more Canadians wish to test their homes for radon.
Radon concentration inside a home varies over time. It is not uncommon to see radon levels in a house change by a factor of 2-3 or more over a oneday period. Seasonal variations and changes yearby-year were also frequently observed (4, 5) .
Therefore, measurements over a longer period of time are generally considered to give a more accurate picture of the long-term radon exposure. However, the recommended duration is dependent upon the intended purpose of the measurement. As an example, in the WHO Radon Handbook published recently (1) , radon measurements carried out over a 1-y period in each home are preferable for national radon surveys. However, it is a well-known fact that the longer the testing period, the lower the likelihood participants will return the detectors, potentially compromising the survey's success. In general, when individual homeowners decide to test their homes for radon, they normally wish to receive the test results within a shorter timeframe, i.e. much shorter than 1 y. Therefore, in providing guidance to homeowners on radon measurement durations, it is important to select a timeframe that provides a realistic estimate of the radon concentrations with minimal inconvenience and delay in receipt of results. This usually involves a test duration of less than 6 months.
If we take radon measurements averaged over a 1-y period as the most representative or the so-called true values, the test duration effect can be studied by comparing radon results obtained over various test durations to the results determined from a 1-y measurement. Although this type of study could be a field test in homes with varying measurement durations up to a year, such as year-long radon measurements conducted by Swedjemark (6) , Miles (7) and Steck et al. (8) , it could be achieved more economically by Monte Carlo simulations. Therefore, the objective of this study was to investigate the effect of test duration in radon measurement by Monte Carlo simulation in Canadian homes.
MATERIALS AND METHODS
As summarised in the UNSCEAR report (5) , many measurements indicated that the distribution of radon concentrations in homes can be reasonably described by a log-normal distribution. In this study, lognormal distributions are simulated for radon concentrations in indoor air.
For a lognormal random variable X, its distribution is described by a lognormal density function f(x) with parameters m and s (9) . f ðxÞ ¼ 1
where parameter m is the mean and s is the standard deviation of the distribution for the normal random variable Y ¼ ln(X ), not the lognormal random variable X. Since the geometric mean (GM) of variable X is related to the mean (m) of variable Y:
and the geometric standard deviation (GSD) of variable X can be calculated from the standard deviation (s) of the variable Y:
GSD ¼ expðsÞ the lognormal density function can be given as
It is assumed radon concentrations in a house are lognormally distributed throughout a year and affected by various environmental, housing and living factors (1, 4, 5) . For any day in a year, a radon concentration, C d , is randomly sampled based on the density function given by Equation (1) . In this study, radon concentration was randomly sampled in the range from 0 to 2000 Bq m
23
, a radon range observed in most Canadian homes (10 -12) . Four studies conducted in Canada show clear seasonal differences in radon concentrations with highest levels noted during the autumn and winter months, and the lowest during the spring and summer (13 -16) . Monthly radon levels relative to a unit annual average value were summarised for four seasons previously (17) . The temporal correction factor was given for any given day, T d . Because the daily radon concentration can vary widely due to many factors, there is no need to smooth the T d values at temporal changes. The average over a year gives T ¼ 1, because no temporal correction is required if the radon test is done over a 1-y period. For any day in a year, the radon concentration in a house is adjusted for temporal variation:
A Monte Carlo program was written for the random sampling. The sampling process for a data set of radon concentrations in a year fC Rn (1), C Rn (2), . . . , C Rn (365)g is: † Step 1: determine the maximum, F max , for a given lognormal distribution f(x) with given GM and GSD based on Equation (1). † Step 2: randomly select a radon concentration C d with equal probability in the range of (0, 2000 Bq m
), and calculate the value p¼f (C d ) based on Equation (1). † Step 3: randomly select a real number, f, with equal probability in the range of (0, F max ). 23 . Assuming radon concentration averaged over a 1-y period represents the true value, the effect of various test durations can be assessed by calculating relative differences (RDs) and relative absolute differences (RADs) to the true value:
where C true and C test are radon concentration over a 1-y period (i.e. the true value) and over a given test duration, respectively. For a given annual radon concentration level, 10 data sets of radon concentrations in a year of 365 d, fC Rn (1), C Rn (2), . . ., C Rn (365)g, were generated based on the random sampling method described above. Each of the 10 data sets represents an individual home with the same radon concentration distribution.
For each of the 10 data sets the following steps were carried out to calculate average radon concentrations for various test duration periods, 1 month The process simulates radon measurements with various test durations. Except for 1 y (365 d), averaging of radon concentration over other duration periods started at a randomly selected date within a calendar year and repeated 50 times, i.e. 50 simulated measurement results were generated for each data set and each defined test duration. In the cases where the start date was later in a calendar year and a measurement duration ended in the following year, the same data set was used for the following year, i.e. there were fC Rn (1), C Rn (2),. . ., C Rn (365), C Rn (1), C Rn (2), . . ., C Rn (365)g. In this way, results can be compared with the given annual average radon concentration calculated from the data set fC Rn (1), C Rn (2), . . ., C Rn (365)g. Since a 3-month testing period in the typical heating season that runs from October through to April is preferable by Health Canada (18) and a minimum of a 2-month measurement duration, preferably in winter season, is recommended by the International Organization for Standardization (19) , special averaging in winterspring heating months (October to April) was conducted for each data set. Again, the start date was randomly selected within the heating season under the condition that the duration ended no later than 30th April. Examples of simulated data sets for a calendar year (365 d) are shown in Figure 2 for Cases A-C, respectively. Each case represents a typical annual radon concentration found in residential homes. For each case, ten data sets of radon values in 365 calendar days were generated, and they simulated 10 individual homes. For each simulated home, radon concentration was determined from 50 different simulated measurements with randomly selected starting dates for each measurement duration. Therefore, for a given test duration, there are a total of 1500 simulations (3 cases, 10 individual homes and 50 samplings). Four different test durations and two special durations in the heating season were considered. The test-duration effect was assessed by comparing radon concentrations obtained from various measurement durations to the annual average radon level.
RESULTS
Results of average radon concentrations obtained from different test durations are summarised in Table 1 together with standard deviations for 50 simulations of randomly selected start dates. One can see that the standard deviations are larger for simulated tests with shorter durations. However, what matters is the difference between estimated radon concentrations and the given annual radon level. The RDs are given in Table 2 . One can see that estimated radon concentrations for different durations started at any time in a year (the first four durations in the tables) are normally distributed around the annual value while the estimated concentrations for the two durations in the heating season are positively biased and, on average, 10 -15 % higher than the respective annual radon levels.
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TEST DURATION EFFECT IN RADON MEASUREMENT
experiment (6) of year-long radon measurements in a detached house observed the standard deviation related to the 'true' annual average being 17 % for 30-d measurements, 15 and 13 % for 60-d and 90-d tests, respectively. Miles' continuous radon measurements in four houses (7) showed that longer measurements allow the annual average radon level to be estimated more accurately than short measurements. Steck and his colleagues studied temporal radon variation in 80 North American homes (8) , where it was found that coefficient of variation of the 30-d radon measurements about the annual average radon was 40 %, the variation of seasonal averages (90-d measurements) was 25 % and the variation of half-year averages was 17 %.
The absolute differences are similar for a 2 month or a 3 month test in heating season, on average, 18 % higher than the value obtained from a 1-y measurement. This is because the results of testing in the heating season are positively biased, and they are more conservative estimates than the testing of the same durations conducted randomly in a year.
DISCUSSION
If we apply the same accuracy and precision requirements as the Canadian Nuclear Safety Commission sets for dosimetry service providers (S-106, 2006) (20) , radon gas measurements must be within þ50 and 233 % of the true values, 95 % of the time. If we consider radon concentrations averaged over a 1-y period as the true values, radon measurements of a selected test duration should be able to estimate radon concentrations within þ50 and 233 % of the annual average levels .95 % of the time. In Table 4 , percentage frequencies of radon concentrations within þ50 and 233 % from the annual average values are given for various simulated measurement durations. They are the frequencies, in percentage, of the 50 sampling results within required limits from the true values for a given test duration. As expected, a 6-month measurement can meet the basic requirement almost 100 % of the time. A 3-month test almost always satisfies the requirement regardless whether the test is conducted in the heating season or in any time of a calendar year. In meeting the minimum requirement in S-106, a 3-month test is equally good, regardless whether the test is conducted in the heating season or at any other time of a calendar year. However, for most purposes, including radon testing in residential homes, it is normally expected the test will produce results that are more accurate than þ50 and 233 %, i.e. more close to the annual average level. Because there is some risk at any radon level, underestimation of the risk (the radon exposure) may not be acceptable at all based on the precautionary principle. As an example, a test during the heating season can meet the precision and accuracy requirements (215 %, þ30 %) 83 % of the time, 7 % more likely to meet the requirements than a test conducted during summer months (May to September), as shown in Table 5 . If we only consider an overestimation within þ25 % and no underestimation, a 3-month radon test in heating season can provide the expected results 53 % of the time while a test during summer months fails to meet the requirement 78 % of the time. Therefore, to avoid an underestimation of radon exposure and to ensure appropriate levels of precision and accuracy are met, the results from this study suggest that a radon measurement duration of 3 months or longer during the heating season is needed.
Radon concentrations in homes are known to be influenced by numerous factors, among them the external/internal temperature, barometric pressure, wind direction, rainfall, occupancy patterns and the underlying geology. As a consequence of the interaction of these multiple influences, indoor radon concentrations generally demonstrate complex diurnal patterns. In addition to studies on temporal variations, assessments of seasonal variations of indoor radon concentrations have been conducted in many regions and countries, as summarised in the UNSCEAR 2006 Report (5) . Seasonal correction factors for short-term measurements are generally derived from consideration of the average variation of radon concentrations in a large number of houses. Seasonal corrections were applied to regional and national radon surveys where survey durations were significantly shorter than a year, such as the surveys in the UK (21) , and in France (22) . Although seasonal correction factors illustrate the collective variation of indoor radon, the value of applying such corrections to individual radon measurements in homes is limited because of the wide variations from many influences mentioned above. To estimate annual radon levels in individual homes more accurately, long-term radon measurements should be conducted.
CONCLUSIONS
Monte Carlo simulation was carried out to better understand the test duration effect in radon measurements, especially the effect on radon results from various measurement durations much less than a year. For each of the specified test durations (1, 2 , 3 and 6 months), a total of 1500 Monte Carlo simulations were performed. On average, the radon concentration estimated from a 30-d test differed about +22 % from the value of a 1 y measurement. The difference reduced to about +17 % for a 61-d test, +14 % for a 91-d test and +9 % for a half-year test.
Results of the Monte Carlo simulation demonstrated that a radon test duration of 3 months or longer is needed to produce an estimate within þ50 and 233 % of the 'true' annual value at least 95 % of the time (accuracy and precision specifications required by the Canadian Nuclear Safety Commission for dosimetry services). Health Canada's recommendation of a 3-month radon test performed during the fall/winter heating season resulted in an estimated radon concentration, on average, 20 % higher than the value determined from a 1 y measurement. This ensures a conservative estimate of the annual average radon concentration. As there is some risk at any radon level, it is important to avoid underestimation of the radon level. Therefore, to avoid such underestimation and to ensure appropriate levels of precision and accuracy are met, the results from this study suggest that a radon measurement duration of 3-months or longer during the heating season is needed.
